The densification mechanism of Cu-Al mixed metal powder during a double-action die compaction was investigated by numerical simulation. The finite element method and experiment were performed to compare the effect of the forming method, such as single-action die compaction and double-action die compaction, on the properties of compact. The results showed that the latter could significantly raise the densification rate and were in good agreement with Van Der Zwan-Siskens compaction equation. The effects of the different initial packing structures on the properties of the compact were studied. The results showed that a high-performance compact could be obtained using a dense initial packing structure at a given compaction pressure. Additionally, the effects of the Al content and compaction pressure on the relative density and stress distribution were analyzed. It was observed that, with an increase in the Al content at a given compaction pressure, the relative density of the compact increased, whereas the stress decreased. Furthermore, when the Al content was fixed, the relative density and stress increased with increasing compaction pressure. The relationship between the relative density and the compaction pressure under different friction conditions was characterized and fitted according to the Van Der Zwan-Siskens compaction equation. The influence mechanisms of die wall friction on the compaction behavior were investigated. It was revealed that friction is a key factor that causes the inhomogeneity of the powder flow and stress distribution. Finally, the effects of the dwell time and height-diameter ratio on the densification behavior were analyzed, and it was found that an increase in the dwell time promoted the densification process, whereas an increase of the height-diameter ratio could hinder the process.
Introduction
As a result of the excellent anti-corrosion performance, high abrasion resistance, and other thermoelectric properties of Cu-based metal matrix composites, they have a wide range of engineering applications, for example, in the manufacture of connectors, heat exchangers, and piping [1] . These composites are incorporated with different metal elements, such as Al, Be, and Ni, in various proportions in order to improve the mechanical properties [2, 3] . Al is the most widely used metal in the industry, therefore, Cu-Al alloys are one of the most typical alloys, which have been employed in many studies [4] [5] [6] [7] . For instance, aluminum bronze is a kind of Cu-based alloys that is synthesized using different compositions of Al powder [8, 9] . Cu-Al alloys have been used extensively in automotive, aerospace, electronic, and machine tool industry [10] . They are reported to possess good mechanical performance, high strength, and high temperature resistance properties [11] [12] [13] [14] . On account of the high melting point of Cu-Al alloys, their synthesis by methods, such as smelting and casting, are complicated. Therefore, the conventional powder metallurgy process, which includes the processes which includes the processes of cold compaction and sintering, is used to synthesize Cu-Al alloys [15, 16] . Cold compaction is an important procedure in the manufacture of compacts with excellent performance, high efficiency, and low cost [17] . The powder forming process directly influences the density and homogeneity of the green compact, both of which, in turn, affect the uniformity of volume shrinkage in the subsequent sintering process. The compaction process can be roughly divided into three steps, namely die filling, powder compaction, and ejection. Researchers have thus far focused mostly on the powder compaction step, and die filling, despite being an essential step of the compaction process, has rarely been studied in the past.
The friction between the powders and the die wall during the powder compaction process has significant influence on the properties of the compact, such as the powder flows, relative density, and stress distribution. An et al. [18] analyzed the copper powder flow in the axial and radial direction under the influence of friction. Zhou et al. [19] examined the effects of friction on the properties of the compacts and rules of powder flow under different friction conditions. However, such previous studies focused mainly on the rules of the powder flow in single-action die compaction, in which the relative density gradient is significant and the distribution is heterogeneous. This can be conquered by the double-action die compaction, whose analysis is less systematic. Furthermore, the dwell time is regarded as a critical factor in the actual production, but has been neglected in most of the theoretical analyses. Consequently, it is important to examine the powder behavior and the influence mechanisms of the dwell time in the compaction process.
In the present study, numerical analyses were performed to identify the double-action die compaction behavior of Cu-Al mixed metal powders. The relationship between the average relative density and the compaction pressure, in the case of loose and dense initial packing structures with different Al contents, was first discussed. The relative density and the stress distributions in the powder compact under different Al contents, compaction pressures, and friction conditions were characterized. Different compaction equations were studied and compared to propose a suitable compaction that included the effects of the die wall friction, with the aim of characterizing the compact properties at different compaction pressures. The influence mechanisms of friction were analyzed in detail. Finally, the influence of dwell time was analyzed to elucidate its influence on the compaction behavior.
Materials and Methods

Materials
Commercial pure Cu (99.9% purity, mean particle size <50 μm, 325 mesh) and Al (99.9% purity, mean particle size <50 μm, 325 mesh) powders were used in the compaction work. All of the metal powders were supplied by Hebei Nangong Zhongzhou Alloy Material Ltd, Xingtai, China. As shown in Figure 1 , the morphology of the powders was characterized by scanning electron microscopy (SEM). The Cu and 30 pct (mass fraction) Al composite powders were dry blended using a blender mixer at a rotation speed of 20 rpm for 9 hours. The die wall was lubricated using a commercial lubricant, Zinc stearate, which was mixed with alcohol and daubed onto the die wall to reduce the die wall friction. 
Experiments
The Cu-Al mixed metal powder were compacted in a 20 mm diameter cylindrical die at room temperature. A hydraulic universal testing machine was used to control the loads applied on the punches during the process of compaction. For each compaction experiment, 41 g of mixed metal powders were poured into the die. The initial height of the filling powder is about 40 mm, and according to the density formula, the initial packing density can be calculated as the total mass of the filling mixed metal powder divided by the volume occupied by those powders. Figure 2 shows the schematic drawing of the compaction experiments. During the single-action die compaction, pressure was applied on the upper punch and the upper punch moved downward to press the powder, while the die and bottom punch remain stationary. During the double-action die compaction, pressure was applied on both the upper punch and bottom punch. In the compaction, the loading speed was set as 2 mm/min, and the compacts were loaded to a certain pressure and then maintained the pressure for 15 min. 
The Cu-Al mixed metal powder were compacted in a 20 mm diameter cylindrical die at room temperature. A hydraulic universal testing machine was used to control the loads applied on the punches during the process of compaction. For each compaction experiment, 41 g of mixed metal powders were poured into the die. The initial height of the filling powder is about 40 mm, and according to the density formula, the initial packing density can be calculated as the total mass of the filling mixed metal powder divided by the volume occupied by those powders. Figure 2 shows the schematic drawing of the compaction experiments. During the single-action die compaction, pressure was applied on the upper punch and the upper punch moved downward to press the powder, while the die and bottom punch remain stationary. During the double-action die compaction, pressure was applied on both the upper punch and bottom punch. In the compaction, the loading speed was set as 2 mm/min, and the compacts were loaded to a certain pressure and then maintained the pressure for 15 min. The average density of each green compact was measured by the mass and its volume. A precision mass balance was used to weigh the green compacts after being ejected from the die. The volume of the green compacts was calculated as the average cross-sectional area multiplied by its height. In addition, a Vernier caliper was used to measure the diameter and height of each compact. The measurements of each compact repeated at least five times and took the average. The measurement procedures are similar to Lou's work. The average relative density was obtained by the ratio of the average density to the theoretical density of the mixed metal powder, which is the maximum value of the compact.
Finite Element Model and Simulation Conditions
Researchers began studying the yield criteria and forming a theory of powder materials around 1970. Shima and Oyane [20] , Kuhn and Downey [21] , and Doraivelu et al. [22] constructed different forms of yield functions based on the Von Mises yield criterion, by taking into account the influence of hydrostatic stress. These yield criteria are of a similar form, which is expressed as follows:
where F is the yield function, The average density of each green compact was measured by the mass and its volume. A precision mass balance was used to weigh the green compacts after being ejected from the die. The volume of the green compacts was calculated as the average cross-sectional area multiplied by its height. In addition, a Vernier caliper was used to measure the diameter and height of each compact. The measurements of each compact repeated at least five times and took the average. The measurement procedures are similar to Lou's work. The average relative density was obtained by the ratio of the average density to the theoretical density of the mixed metal powder, which is the maximum value of the compact.
where F is the yield function, J 1 and J 2 are the stress invariant and second deviatoric stress invariant, respectively. σ s is the yield limit of dense metal, and A, B, and δ are the model parameters, which are the function of relative density. The mechanical properties of the compact are consistent with those of the dense metal when the material is compacted completely. Therefore, some conditions need to be specified, as follows:
Thus, this yield condition tends to the von Mises yield criterion for the dense metal when the relative density approaches 1.
Finite element (FE) simulations of the double-action die compaction of the Cu-Al mixed metal powders were performed with MSC.Marc 15.0 FE software (MSC Software, Newport Beach, CA, USA). In the modeling, it is crucial to select an appropriate material model for representing the behavior of the powder particles. In the present study, the modified Shima model, an intrinsic module in this software, was used as the material model; in this model, the yield function of this material is a function of the relative density. The equation of this model is given as follows:
where σ y is the uniaxial yield stress, σ d is the deviatoric stress tensor, p is the hydrostatic pressure, and γ and β are the material parameters. σ y is a function of the temperature and relative density, and γ and β are functions of the relative density. γ and β are, respectively, given as,
For Cu, Al, and Fe, γ = ρ 2.5 β = (5.9 − 5.9ρ) −0.514 (5) it can be seen that γ and β are functions of the relative density ρ, which is a state variable and can be defined as follows:
here, ρ c is the current density of the powder compact, and ρ t is the theoretical density. The theoretical density of a mixed metal powder can be calculated according to the mass fraction of each kind of powder by the equivalent density method, as follows:
where m i and V i are the mass and volume, respectively, of powder i, and f i and ρ i are the mass fraction (wt %) and theoretical density, respectively, of powder i [23] . According to the Han et al. [24] , the Young's modulus of a Cu-Al composite dense body can be calculated by the following expression: 
where σ c , σ Fe , and σ Al denote the yield strengths of the compact, Cu, and Al, respectively. In this study, the Young's modulus and yield strength of Cu and Al are taken as E Cu = 125 GPa, σ Cu = 200 MPa, and, E Al = 62.59 GPa, σ Al = 60 MPa, respectively. Therefore, the Young's modulus and yield stress of the Cu-Al incompressible composite can be calculated by Equations (9) and (10), respectively. According to the empirical formula proposed by McAdam and study of Kuhn et al., the Young's modulus and yield strength of a powder material are related to the corresponding dense body and given by the following:
According to the research by Zhdanovich, the Poisson's ratio is a function of the relative density and can be expressed as follows [25] :
According to the research by Kuhn et al. [21] , for cold compaction, n = 1.9.
In an FE simulation, a three-dimensional (3D) cylindrical geometric model with a rigid surface can represent the compaction process of Cu-Al mixed metal powders. In order to represent the compaction process clearly, a 1/4-cylinder model was used in the present study, as shown in Figure 3 . Different mesh sizes of the powder compact and different punches were designed to investigate the sensitivity of the FE simulation results to the mesh size.
where Ec, ECu, and EAl are the Young's modulus of the compact, Cu, and Al, respectively. Cu-Al composite dense body is given as follows: (9) and (10), respectively. According to the empirical formula proposed by McAdam and study of Kuhn et al., the Young's modulus and yield strength of a powder material are related to the corresponding dense body and given by the following:
In an FE simulation, a three-dimensional (3D) cylindrical geometric model with a rigid surface can represent the compaction process of Cu-Al mixed metal powders. In order to represent the compaction process clearly, a 1/4-cylinder model was used in the present study, as shown in Figure  3 . Different mesh sizes of the powder compact and different punches were designed to investigate the sensitivity of the FE simulation results to the mesh size. In the 3D geometric model, the upper punch and bottom punches, which have large stiffness, can be regarded as rigid bodies, and the powders are deformable. The initial height of the mixed powders in the die is 40 mm, and the diameter is 20 mm. The apparent density is defined as the spontaneous stacking density of the powders, which depends on the adhesive force, relative sliding resistance, and the degree of filling in the interspace. The knock and vibration can improve the particle rearrangement and increase the stacking density [17] . In order to analyze the influence of the apparent density on the relative density of the compact, two different initial relative densities, 0.56 and 0.62, are considered in this simulation. The former value corresponds to natural stacking without any vibration or knock, and an inhomogeneous distribution of voids. The latter value corresponds to In the 3D geometric model, the upper punch and bottom punches, which have large stiffness, can be regarded as rigid bodies, and the powders are deformable. The initial height of the mixed powders in the die is 40 mm, and the diameter is 20 mm. The apparent density is defined as the spontaneous stacking density of the powders, which depends on the adhesive force, relative sliding resistance, and the degree of filling in the interspace. The knock and vibration can improve the particle rearrangement and increase the stacking density [17] . In order to analyze the influence of the apparent density on the relative density of the compact, two different initial relative densities, 0.56 and 0.62, are considered in this simulation. The former value corresponds to natural stacking without any vibration or knock, and an inhomogeneous distribution of voids. The latter value corresponds to the condition wherein the powders are subjected to continuous mechanical vibration, as a result of which the distribution of the packing density is uniform. In all of the simulations, the friction coefficient between the powder and die wall was taken to be equal to both the friction coefficient between the powder, and the upper punch and the friction coefficient between the powder and the bottom punch, and this friction coefficient was treated as a constant. In order to study the effects of die wall friction, different die wall friction coefficients for lubricated and unlubricated were modeled. In addition, the effects of the Al content, compaction pressure, and dwell time on the compact performance were also simulated.
Compaction Equations
The compaction equations provide an effective and easy method for predicting the density of a powder compact at a given compaction pressure. Several previous studies proposed different empirical compaction equations, as specified below.
Heckel [26] proposed the following:
Huang et al. [27] proposed the following:
Balshin [28] proposed the following:
Here, P represents the compaction pressure, ρ is the relative density of the powder compact, ρ m is the theoretical density of the Cu-Al mixed metal powder, and ρ 0 is the initial relative density. A 1 , A 2 , and A 3 are the hardening exponents, B 1 , B 2 , and B 3 are the constants [29] . Van Der Zwan and Siskens [30] proposed the following:
where A 4 is the rate of the plastic deformation coefficient, and B 4 denotes the magnitude of the pressure at which the plastic deformation begins. The above-listed compaction equations were employed to study the relationship between the compaction pressure and the relative density under different die wall friction conditions.
Results and Discussion
Effects of Apparent Density of Mixed Powder and Al Content on Powder Compact
The relative density distributions of the compacts with three different mesh sizes, depicted in Figure 3b , is shown in Figure 4 to evaluate the mesh sensitivity at a compaction pressure P = 200 MPa and Al content is 30 wt %. A comparison of the relative densities for the different nodes with different incremental modeling steps is shown in Figure 5 . It can be seen that the changes in the relative density at the same position in the powder compact were less than 1%, indicating that the simulation results were insensitive to the mesh size. Therefore, the mesh shown in Figure 4a was used in the subsequent FE simulations. A variation of the average relative density with compaction pressure for simulation and experiment was shown in Figure 6 . It can be observed that the simulation results are in accordance with the experimental measurements both for the single-action die compaction and double-action die compaction, indicating that the model could be used to describe the compaction behavior for the CuAl mixed metal powder. As it can be seen, the average relative density of the compact increases and then trends to be flat with increasing compaction pressure. In addition, the average relative density in a double-action die compaction is higher than that in a single-action die compaction. Figure 7 shows some of the specimens fabricated in the experiments. The curves of simulation and experiment are fitted with the different empirical compaction equation mentioned in Section 2.4 and the fitting parameters are listed in Table 1 A variation of the average relative density with compaction pressure for simulation and experiment was shown in Figure 6 . It can be observed that the simulation results are in accordance with the experimental measurements both for the single-action die compaction and double-action die compaction, indicating that the model could be used to describe the compaction behavior for the CuAl mixed metal powder. As it can be seen, the average relative density of the compact increases and then trends to be flat with increasing compaction pressure. In addition, the average relative density in a double-action die compaction is higher than that in a single-action die compaction. Figure 7 shows some of the specimens fabricated in the experiments. The curves of simulation and experiment are fitted with the different empirical compaction equation mentioned in Section 2.4 and the fitting parameters are listed in Table 1 A variation of the average relative density with compaction pressure for simulation and experiment was shown in Figure 6 . It can be observed that the simulation results are in accordance with the experimental measurements both for the single-action die compaction and double-action die compaction, indicating that the model could be used to describe the compaction behavior for the Cu-Al mixed metal powder. As it can be seen, the average relative density of the compact increases and then trends to be flat with increasing compaction pressure. In addition, the average relative density in a double-action die compaction is higher than that in a single-action die compaction. Figure 7 shows some of the specimens fabricated in the experiments. The curves of simulation and experiment are fitted with the different empirical compaction equation mentioned in Section 2.4 and the fitting parameters are listed in Table 1 . A comparison and analysis of the regression coefficients reveals that the Van Der Zwan-Siskens compaction equation shows the best regression. Hence, this compaction equation can be employed to quantitatively analyze the relationship between the relative density and the compaction pressure. The difference in the average relative density of the compact obtained by the single-action and double-action die compaction is mainly because of the difference in the local relative density. One of the biggest benefits of FEM is that it can accurately simulate the actual operating state, partially substitute, and guide the experiment, for example, FEM can quantitatively characterize the distribution of the relative density under different compaction conditions to provide a reference for the optimization of the compaction process and prevent possible defects. Figure 8 shows the relative The difference in the average relative density of the compact obtained by the single-action and double-action die compaction is mainly because of the difference in the local relative density. One of the biggest benefits of FEM is that it can accurately simulate the actual operating state, partially substitute, and guide the experiment, for example, FEM can quantitatively characterize the distribution of the relative density under different compaction conditions to provide a reference for the optimization of the compaction process and prevent possible defects. Figure 8 shows the relative density distributions in the powder compacts produced by a single-action die compaction and a double-action die compaction with an Al content of 30 wt % and a compaction pressure P of 200 MPa. It can be seen that the maximum relative densities are nearly equal in both of these cases, whereas the minimum relative density in the double-action die compaction is higher than that in the singleaction die compaction. The latter result confirms that the double-action die compaction can help to improve the density homogeneity of the powder compacts, this is because the pressure loss caused The difference in the average relative density of the compact obtained by the single-action and double-action die compaction is mainly because of the difference in the local relative density. One of the biggest benefits of FEM is that it can accurately simulate the actual operating state, partially substitute, and guide the experiment, for example, FEM can quantitatively characterize the distribution of the relative density under different compaction conditions to provide a reference for the optimization of the compaction process and prevent possible defects. Figure 8 shows the relative density distributions in the powder compacts produced by a single-action die compaction and a double-action die compaction with an Al content of 30 wt % and a compaction pressure P of 200 MPa. It can be seen that the maximum relative densities are nearly equal in both of these cases, whereas the minimum relative density in the double-action die compaction is higher than that in the single-action die compaction. The latter result confirms that the double-action die compaction can help to improve the density homogeneity of the powder compacts, this is because the pressure loss caused by die wall friction results in an inhomogeneous distribution of the relative density in the single-action die compaction. The effective pressure applied at the top end of the compact is larger than that at the bottom end, as a result of which the corresponding relative density at the top end is higher than that at the bottom end. In contrast, in the double-action die compaction, the effective pressure at both ends of the compact are larger than that in the middle region, and therefore, the relative densities in the top and bottom ends are higher. Subsequently, the densification behavior of the Cu-Al mixed metal powder in the double-action die compaction was investigated. by die wall friction results in an inhomogeneous distribution of the relative density in the singleaction die compaction. The effective pressure applied at the top end of the compact is larger than that at the bottom end, as a result of which the corresponding relative density at the top end is higher than that at the bottom end. In contrast, in the double-action die compaction, the effective pressure at both ends of the compact are larger than that in the middle region, and therefore, the relative densities in the top and bottom ends are higher. Subsequently, the densification behavior of the CuAl mixed metal powder in the double-action die compaction was investigated. Figure 9 shows the relationship between the average relative density,  , of the powder compact and the compaction pressure, P, for the loose and dense initial packing structures with a different Al content. The density of a loose initial packing structure corresponds to the natural packing density of the powder under the action of gravity, and the density of a dense initial packing structure corresponds to the tap density. Our investigation results demonstrate that in both cases (i.e., loose and dense initial packing structures), a high relative density of the powder compact can be achieved as long as the compaction pressure is high enough. However, the average relative density of the compacts in the case of a dense initial packing is higher than that in the case of the loose initial packing at a given compaction pressure. It can be seen from the relative density-pressure curves that, different curves corresponding to different Al contents show the same trend, which can be considered as three compaction stages. In the first stage (P < 30 MPa), the relationship between the average relative density and the compaction pressure is nearly linear. Because the compaction pressure is too low to reach the yield limit of the powders, densification is caused mainly by the rearrangement and elastic deformation of the powders such that the fill the voids between particles. With an increase in the compaction pressure, the average relative density increases significantly, which can be regarded as the second stage. In this stage, the compaction pressure exceeds the yield limit, which leads to the plastic deformation of particles. Therefore, the average relative density attains a high value, higher than 0.9. In the third stage, the growth trend of the average relative density is not obvious and it is starting to flatten. This is attributed to the work and hardening of particles, because of which, no Figure 9 shows the relationship between the average relative density, ρ, of the powder compact and the compaction pressure, P, for the loose and dense initial packing structures with a different Al content. The density of a loose initial packing structure corresponds to the natural packing density of the powder under the action of gravity, and the density of a dense initial packing structure corresponds to the tap density. Our investigation results demonstrate that in both cases (i.e., loose and dense initial packing structures), a high relative density of the powder compact can be achieved as long as the compaction pressure is high enough. However, the average relative density of the compacts in the case of a dense initial packing is higher than that in the case of the loose initial packing at a given compaction pressure. It can be seen from the relative density-pressure curves that, different curves corresponding to different Al contents show the same trend, which can be considered as three compaction stages. In the first stage (P < 30 MPa), the relationship between the average relative density and the compaction pressure is nearly linear. Because the compaction pressure is too low to reach the yield limit of the powders, densification is caused mainly by the rearrangement and elastic deformation of the powders such that the fill the voids between particles. With an increase in the compaction pressure, the average relative density increases significantly, which can be regarded as the second stage. In this stage, the compaction pressure exceeds the yield limit, which leads to the plastic deformation of particles. Therefore, the average relative density attains a high value, higher than 0.9. In the third stage, the growth trend of the average relative density is not obvious and it is starting to flatten. This is attributed to the work and hardening of particles, because of which, no further densification can occur. The trends of the curves in Figure 9 are similar to the results obtained from previous FE simulations and experiments [18, 19] . These three stages accurately sum up the ρ-P curves for different Al contents, as shown in Figure 9 . In addition, the relative density increases upon the addition of Al powder at a given compaction pressure. from previous FE simulations and experiments [18, 19] . These three stages accurately sum up the ρ-P curves for different Al contents, as shown in Figure 9 . In addition, the relative density increases upon the addition of Al powder at a given compaction pressure. It is known that the average relative density of the compacts with a dense initial packing is higher than that of the compacts with a loose initial packing, and thus, the properties of the compacts with these two initial packing structures are different. Figure 10 shows the relative density distributions in the powder compacts with the two different initial packing structures with an Al content of 30 wt % and the compaction pressure P of 200 MPa. It can be seen that the relative density distributions in the two compacts are similar, but the values of the relative densities are different. The relative density of the compact with the dense initial packing structure is higher than that of the compact with the loose initial packing structure, which indicates that the dense initial packing structure can provide more homogeneous and dense compacts. Subsequent simulations were performed under the condition of a dense initial packing structure.
The influence of the Al content on the relative density of the compact with a dense initial packing structure was investigated, as shown in Figure 11 . Here, the compaction pressure was set as 200 MPa and Al contents of 15 wt %, 20 wt %, 25 wt %, 30 wt %, 35 wt %, and 40 wt % were considered. It can be seen that the maximum relative density is achieved at positions at the corners of the compact where it is in contact with the upper and lower punches, and the minimum relative density is achieved in the middle of the compact. Along the radial direction of the compact, the relative density decreases from the outer edge to the inner edge. The relative density in the middle region is homogeneous. Moreover, the relative density along the axial direction on the die wall shows a symmetrical distribution. The main reason for the inhomogeneity of the relative density is the friction between the powders and the die wall. This inhomogeneity also indicates that the Al content has an impact on the local relative density distribution. With an increase in the Al content, the maximum and minimum relative densities of the compact increase. These observed trends are consistent with the literature [30] . It is known that the average relative density of the compacts with a dense initial packing is higher than that of the compacts with a loose initial packing, and thus, the properties of the compacts with these two initial packing structures are different. Figure 10 shows the relative density distributions in the powder compacts with the two different initial packing structures with an Al content of 30 wt % and the compaction pressure P of 200 MPa. It can be seen that the relative density distributions in the two compacts are similar, but the values of the relative densities are different. The relative density of the compact with the dense initial packing structure is higher than that of the compact with the loose initial packing structure, which indicates that the dense initial packing structure can provide more homogeneous and dense compacts. Subsequent simulations were performed under the condition of a dense initial packing structure.
The influence of the Al content on the relative density of the compact with a dense initial packing structure was investigated, as shown in Figure 11 . Here, the compaction pressure was set as 200 MPa and Al contents of 15 wt %, 20 wt %, 25 wt %, 30 wt %, 35 wt %, and 40 wt % were considered. It can be seen that the maximum relative density is achieved at positions at the corners of the compact where it is in contact with the upper and lower punches, and the minimum relative density is achieved in the middle of the compact. Along the radial direction of the compact, the relative density decreases from the outer edge to the inner edge. The relative density in the middle region is homogeneous. Moreover, the relative density along the axial direction on the die wall shows a symmetrical distribution. The main reason for the inhomogeneity of the relative density is the friction between the powders and the die wall. This inhomogeneity also indicates that the Al content has an impact on the local relative density distribution. With an increase in the Al content, the maximum and minimum relative densities of the compact increase. These observed trends are consistent with the literature [30] . The equivalent von Mises stress distributions in the compacts with different Al contents corresponding to Figure 11 are shown in Figure 12 . As can be seen in Figure12, the maximum stress occurs in the outer layer of the compact near the punches, which is in accordance with the distribution of the relative density. The stress distribution is in agreement with previous results [31] . In addition, it is observed that the total stress of the compact decreases with the increasing Al content, which indicates a reduction in the hardness of the compact. Furthermore, the stress retention ability of the Cu powder is greater than that of the Al powder. The equivalent von Mises stress distributions in the compacts with different Al contents corresponding to Figure 11 are shown in Figure 12 . As can be seen in Figure12, the maximum stress occurs in the outer layer of the compact near the punches, which is in accordance with the distribution of the relative density. The stress distribution is in agreement with previous results [31] . In addition, it is observed that the total stress of the compact decreases with the increasing Al content, which indicates a reduction in the hardness of the compact. Furthermore, the stress retention ability of the Cu powder is greater than that of the Al powder. The equivalent von Mises stress distributions in the compacts with different Al contents corresponding to Figure 11 are shown in Figure 12 . As can be seen in Figure 12 , the maximum stress occurs in the outer layer of the compact near the punches, which is in accordance with the distribution of the relative density. The stress distribution is in agreement with previous results [31] .
In addition, it is observed that the total stress of the compact decreases with the increasing Al content, which indicates a reduction in the hardness of the compact. Furthermore, the stress retention ability of the Cu powder is greater than that of the Al powder. 
Effect of Compaction Pressure
The evolution of the average relative density with compaction pressure, as shown in Figure 5 , illustrates that the compaction pressure has an obvious influence on the properties of the compact. Therefore, the internal characteristics of the compact are different at different compaction pressures. The effects of various compaction pressures, 100 MPa, 150 MPa, 200 MPa, 250 MPa, and 300 MPa, on the internal characteristics of the compact were investigated at an Al content of 30 wt %. Figure 13 shows the relative density distributions in the compacts subjected to the different compaction pressures; here, each compact corresponds to a different compaction pressure. As it can be seen from this figure, the relative density distributions are similar to those in Figure 11 . The highest relative density is achieved at the top and bottom corners of the powder compact, whereas the lowest relative density is achieved in the middle region of the compact, close to the die wall. In addition, the overall relative density increases with the increasing compaction pressure, and the density gradient decreases gradually. The trend of the equivalent von Mises stress distribution at various compaction pressures in Figure 14 is contrary to that in Figure 12 . The overall stress increases with the increasing compaction pressure. However, the equivalent von Mises stress distribution in each compact is similar to that in 
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The evolution of the average relative density with compaction pressure, as shown in Figure 5 , illustrates that the compaction pressure has an obvious influence on the properties of the compact. Therefore, the internal characteristics of the compact are different at different compaction pressures. The effects of various compaction pressures, 100 MPa, 150 MPa, 200 MPa, 250 MPa, and 300 MPa, on the internal characteristics of the compact were investigated at an Al content of 30 wt %. Figure 13 shows the relative density distributions in the compacts subjected to the different compaction pressures; here, each compact corresponds to a different compaction pressure. As it can be seen from this figure, the relative density distributions are similar to those in Figure 11 . The highest relative density is achieved at the top and bottom corners of the powder compact, whereas the lowest relative density is achieved in the middle region of the compact, close to the die wall. In addition, the overall relative density increases with the increasing compaction pressure, and the density gradient decreases gradually. The trend of the equivalent von Mises stress distribution at various compaction pressures in Figure 14 is contrary to that in Figure 12 . The overall stress increases with the increasing compaction pressure. However, the equivalent von Mises stress distribution in each compact is similar to that in Figure 12 . When the compaction pressure is 100 MPa, the stress distribution and the relative density The trend of the equivalent von Mises stress distribution at various compaction pressures in Figure 14 is contrary to that in Figure 12 . The overall stress increases with the increasing compaction pressure. However, the equivalent von Mises stress distribution in each compact is similar to that in Figure 12 . When the compaction pressure is 100 MPa, the stress distribution and the relative density distribution are remarkably similar. The highest stress occurs in the corner regions with the highest relative density, and the lowest stress occurs in the regions with the lowest relative density. 
Effect of Die Wall Friction on Densification Behavior
Through the above-mentioned analysis, it can be seen that both the relative density gradient and the stress gradient exist in the powder compact, which can be attributed to the behavior of the powder flow. However, the friction between the die wall and the powders is the main reason for a restricted powder flow. Therefore, the influence of different friction conditions on the densification behavior at an Al content of 30 wt % was investigated. Figure 15 shows the variation of the average relative density with the compaction pressure at different die wall friction coefficients. It can be seen that the average relative density decreases with the increasing die wall friction coefficient. To assess the influence of the die wall friction on the densification behavior of the Cu-Al mixed metal powder, the Van Der Zwan-Siskens empirical compaction equations were applied, and the fitting parameters are shown in Table 2 . The curves of variation of parameters A and B in the Van Der Zwan-Siskens compaction equation with the friction coefficient were fitted, these curves are shown in Figure 16 . Consequently, the compaction equation of the Cu-Al mixed metal powder, including the effect of die wall friction can be expressed as follows: 
Through the above-mentioned analysis, it can be seen that both the relative density gradient and the stress gradient exist in the powder compact, which can be attributed to the behavior of the powder flow. However, the friction between the die wall and the powders is the main reason for a restricted powder flow. Therefore, the influence of different friction conditions on the densification behavior at an Al content of 30 wt % was investigated. Figure 15 shows the variation of the average relative density with the compaction pressure at different die wall friction coefficients. It can be seen that the average relative density decreases with the increasing die wall friction coefficient. To assess the influence of the die wall friction on the densification behavior of the Cu-Al mixed metal powder, the Van Der Zwan-Siskens empirical compaction equations were applied, and the fitting parameters are shown in Table 2 . The curves of variation of parameters A and B in the Van Der Zwan-Siskens compaction equation with the friction coefficient were fitted, these curves are shown in Figure 16 . Consequently, the compaction equation of the Cu-Al mixed metal powder, including the effect of die wall friction can be expressed as follows:
shown in Table 2 . The curves of variation of parameters A and B in the Van Der Zwan-Siskens compaction equation with the friction coefficient were fitted, these curves are shown in Figure 16 . Consequently, the compaction equation of the Cu-Al mixed metal powder, including the effect of die wall friction can be expressed as follows: Figure 15 . Evolution of the average relative density with compaction pressure at different die wall friction coefficients. Figure 15 . Evolution of the average relative density with compaction pressure at different die wall friction coefficients. Van Der Zwan-Siskens Equation: In general, different friction conditions result in different compact properties. The relative density distribution in the compacts at different die wall friction coefficients (μ = ， 0.05 μ = 0.2, and μ = 0.4) is shown in Figure 17 . This figure reveals that the density distributions in the compacts are similar, but that the values of the relative densities of the compacts are different. The largest differences in the relative densities at these three die wall friction coefficients are 0.0283, 0.1066, and 0.1934, respectively, indicating that the die wall friction has a significant influence on the properties In general, different friction conditions result in different compact properties. The relative density distribution in the compacts at different die wall friction coefficients (µ = 0.05, µ = 0.2, and µ = 0.4) is shown in Figure 17 . This figure reveals that the density distributions in the compacts are similar, but that the values of the relative densities of the compacts are different. The largest differences in the relative densities at these three die wall friction coefficients are 0.0283, 0.1066, and 0.1934, respectively, indicating that the die wall friction has a significant influence on the properties of the compact, and that the relative density gradient increases with the increasing die wall friction coefficient. Figure 18 shows the corresponding equivalent von Mises stress distributions, the values of the von Mises stress are in the ranges of 47.94-63.87 MPa, 24.28-76.59 MPa, and 20.59-87.94 MPa, for µ = 0.05, µ = 0.2, and µ = 0.4, respectively. The difference in stress within the compact is observed to be large, indicating that the die wall friction has a severe impact on the stress distribution and that it is the main factor inducing the stress gradient in the powder compact [19] .
The density gradient is generated by the powder movement, and the die wall friction has an obvious effect on the powder flow. Simultaneous powder flow in the axial and radial direction occurs in the die. The axial displacement distributions and the curves of variation of the axial displacement with the radial distance at different compact heights under different friction conditions are shown in Figures 19-21 . Five positions (i.e., heights), H = 4 mm, H = 12 mm, H = 20 mm, H = 28 mm, and H = 36 mm, were considered for the analysis. The minus sign "−" in the displacement curves represents a powder flow direction opposite to the coordinate axis. Figures 19a, 20a and 21a show the axial displacement distributions, and it can be seen that the powder flow in double-action die compaction is symmetrical. The absolute value of the axial displacement in the upper half of the compact is equal to that in the corresponding lower half. Furthermore, the axial displacements in the top and bottom regions of the compact are larger than that in the middle region, indicating that the axial load is transmitted from both ends to the middle region. Figures 19b, 20b and 21b show the curves of variation of the axial displacement with the radial distance at five different compact heights, under three friction conditions (µ = 0.05, µ = 0.2, and µ = 0.4, respectively). Under these three friction conditions, the trends of axial flow are similar, but the values of the axial displacement are different. The powder close to the punches has large displacement. The closer the powder to the middle region of the compact, the smaller the axial displacement will be. The axial displacement is almost 0 at H = 20 mm. It is also observed that when the die wall friction coefficient is 0.05, the axial displacement in the middle region and that near the die wall are almost the same at all of the compact heights. However, in the other two cases (i.e., µ = 0.2 and µ = 0.4), the axial displacements are noticeably different. Therefore, the die wall friction has a significant effect on the powder flow. It can be concluded that, by increasing the die wall friction coefficient, the axial displacements decrease and the axial displacement gradient becomes more prominent. Figure 22 shows the radial displacement distribution in the compact, under three different friction conditions. It can be observed that convective flow exists in the powder compact. The radial powder flow can be divided into two types corresponding to the positive and negative signs of the distribution, an inward flow that is opposite to the X-coordinate axis and an outward flow that is along the X-coordinate axis. The powder near the top and bottom punches flows to the central of the compact, while the powder in the middle part flows to the die wall. The radial displacement in the upper half and lower half of the compact are completely equal, in terms of both the value and the flow direction. Furthermore, the middle region of the compact shows the largest radial displacement. In addition, the radial displacement increases with increasing die wall friction coefficient. However, the radial displacement is so small that it has a negligible effect on the powder compaction process in comparison to the axial displacement.
the 
Effect of Dwell Time on Densification Behavior
In addition to the effects of the initial packing density, the Al content, compaction pressure, and die wall friction on the double-action die compaction of the mixed metal powders, the effect of the dwell time on the compact properties was also analyzed. Figure 23 shows the evolution of the average relative density with the compaction pressure for different dwell times at an Al content of 30 wt % and a friction coefficient of 0.2. It can be observed that the average relative density increases with the increasing dwell time. The average relative density is 0.876 when the compaction pressure is 600 MPa and the dwell time is 0; in contrast, the average relative density is 0.96 when dwell time is 15 min, which corresponds to a 9.6% improvement. 
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In addition to the effects of the initial packing density, the Al content, compaction pressure, and die wall friction on the double-action die compaction of the mixed metal powders, the effect of the dwell time on the compact properties was also analyzed. Figure 23 shows the evolution of the average relative density with the compaction pressure for different dwell times at an Al content of 30 wt % and a friction coefficient of 0.2. It can be observed that the average relative density increases with the increasing dwell time. The average relative density is 0.876 when the compaction pressure is 600 MPa and the dwell time is 0; in contrast, the average relative density is 0.96 when dwell time is 15 min, which corresponds to a 9.6% improvement. The relative density distribution in the compact for four different dwell times was simulated, as shown in Figure 24 . The simulation results show that the dwell time has a significant influence on the compact properties. As the dwell time increases, the relative density of the compact increases and becomes more homogeneous. This is because the compaction pressure is completely transferred to the compact when the dwell times are longer, which, in turn, increases the relative density distribution in all of the regions of the compact. Furthermore, the air present in the powder voids has sufficient time to escape from the gap between the die wall and the punches. Furthermore, the pressure retention permits the mechanical meshing of the powders and their deformation, which contributes to the process of strain relaxation. Figure 25 shows the equivalent von Mises stress distribution in the compact for the different dwell times. It is observed that the equivalent von Mises stress decreases with the increasing dwell time, which indicates that the dwell time affects the stress distribution and a longer dwell time is conducive to densification. The relative density distribution in the compact for four different dwell times was simulated, as shown in Figure 24 . The simulation results show that the dwell time has a significant influence on the compact properties. As the dwell time increases, the relative density of the compact increases and becomes more homogeneous. This is because the compaction pressure is completely transferred to the compact when the dwell times are longer, which, in turn, increases the relative density distribution in all of the regions of the compact. Furthermore, the air present in the powder voids has sufficient time to escape from the gap between the die wall and the punches. Furthermore, the pressure retention permits the mechanical meshing of the powders and their deformation, which contributes to the process of strain relaxation. Figure 25 shows the equivalent von Mises stress distribution in the compact for the different dwell times. It is observed that the equivalent von Mises stress decreases with the increasing dwell time, which indicates that the dwell time affects the stress distribution and a longer dwell time is conducive to densification. 
Analysis of Height-Diameter Ratio
To investigate the effect of the height-diameter (H/D) ratio on the powder compact, five different initial powder heights, H0 = 20mm, H0 = 30mm, H0 = 40mm, H0 = 50mm, and H0 = 60mm, were considered for the analysis. These heights ensured that the H/D ratio of the green compacts pressed at 200 MPa was 0.7, 1, 1.4, 1.8, and 2.12, respectively. As shown in Figure 26 , the relative density distribution in the compact for five different H/D ratios was simulated. The figure reveals that the 
To investigate the effect of the height-diameter (H/D) ratio on the powder compact, five different initial powder heights, H0 = 20 mm, H0 = 30 mm, H0 = 40 mm, H0 = 50 mm, and H0 = 60 mm, were considered for the analysis. These heights ensured that the H/D ratio of the green compacts pressed at 200 MPa was 0.7, 1, 1.4, 1.8, and 2.12, respectively. As shown in Figure 26 , the relative density distribution in the compact for five different H/D ratios was simulated. The figure reveals that the density distributions in the compacts are similar, but that the values of the relative densities of the compacts are different. The lowest relative density lies in the middle of the compact decreases, with an increasing H/D ratio. And the largest differences in the relative densities are 0.0851, 0.0987, 0.1066, 0.1142, and 0.1206, respectively, indicating that the relative density gradient increases with the increasing H/D ratio, and the relative density distribution becomes non-uniform. Figure 27 shows the corresponding equivalent von Mises stress distributions; it can be seen that, with the increasing of H/D ratio, the low stress region increases and the distribution of stress is more heterogeneous. Figure 27 shows the corresponding equivalent von Mises stress distributions; it can be seen that, with the increasing of H/D ratio, the low stress region increases and the distribution of stress is more heterogeneous. For the powder with a higher initial packing height, the friction between the powder and the die wall is higher. Therefore, the pressure lost increases in the process of the powder compaction, and the middle region of the compact has the lowest density. With the increasing H/D ratio, the relative density gradient increases and the average relative density decreases, as shown in Figure 28 . Therefore, the high H/D ratio is negative for the properties of compact. For the powder with a higher initial packing height, the friction between the powder and the die wall is higher. Therefore, the pressure lost increases in the process of the powder compaction, and the middle region of the compact has the lowest density. With the increasing H/D ratio, the relative density gradient increases and the average relative density decreases, as shown in Figure 28 . Therefore, the high H/D ratio is negative for the properties of compact. 
Analysis of Spring Back after Ejection
The last step in the powder compaction is the ejection from the mold, in which a spring-back of the compact occurs. This spring-back is caused by the elastic expansion of the compact. Owing to the elastic and plastic deformations of the powder particles, excessive internal elastic stress is generated in the compact and its direction is opposite to that of the external forces acting on the particles, so as to prevent the deformation. When the compaction pressure is removed from compact, the internal elastic stress relaxes, and so the particle shape and the contact state between the particles change; this results in swelling of the powder compact. Several factors affect the spring-back of the compact, such as the particle size, particle shape, and compaction pressure. The spring-back of the compact is characterized as the percentage of expansion, and is expressed as follows:
where  is the residual elasticity along the height or diameter of the compact, 0 l is the height or diameter of the compact before ejection, and l is the height or diameter of the compact after ejection. Figure 29 shows the curve of variation of the axial residual elasticity with the compaction pressure at an Al content of 30 wt %. It can be seen that the axial residual elasticity increases with the increasing compaction pressure. The internal elastic stress increases with the increasing compaction pressure; Figure 28 . Variation of average relative density with H/D ratio.
where δ is the residual elasticity along the height or diameter of the compact, l 0 is the height or diameter of the compact before ejection, and l is the height or diameter of the compact after ejection. Figure 29 shows the curve of variation of the axial residual elasticity with the compaction pressure at an Al content of 30 wt %. It can be seen that the axial residual elasticity increases with the increasing compaction pressure. The internal elastic stress increases with the increasing compaction pressure; therefore, the spring-back of the compacts becomes more obvious with the increasing compaction pressure. Furthermore, the spring-back of the compact is anisotropic. Meanwhile, the axial pressure is larger than the radial pressure, as a result of which the axial residual elasticity is higher than the radial residual elasticity [18] . 
Conclusions
The densification mechanism of the Cu-Al mixed metal powders subjected to double-action die compaction was numerically simulated by the finite element method. Firstly, the single-action die compaction was compared with the double-action die compaction to demonstrate that the latter is more effective than the former in producing high-performance compacts. It is validated by numerical and experiment results. Then, two different initial packing structures were compared and simulated to investigate the influence of the initial packing structure on the properties of the compacts. It was observed that even though a sufficiently high compaction led to almost fully dense compacts in both cases, more uniform relative density and stress distributions were achieved in the case of dense initial packing structures at a low compaction pressure. Furthermore, the Al content was found to have a significant effect on the properties of the compacts. With an increase in the Al content, the relative density increased, whereas the equivalent von Mises stress decreased. Under the condition of a fixed Al content and an initial packing structure, the relative density and stress increased with the increasing compaction pressure.
Furthermore, the influence of the die wall friction on the densification behavior of the composite powder was investigated, based on the Van Der Zwan-Siskens compaction equation . However, the relative density and stress distributions were mainly a result of the radial powder flow, and the radial displacement gradient became more significant with increasing die wall friction coefficient. Finally, the effects of the dwell time on the compaction behavior were analyzed. The results revealed that the overall average relative density increased and the stress decreased with the increasing dwell time, indicating that an appropriate dwell time would promote densification. 
Furthermore, the influence of the die wall friction on the densification behavior of the composite powder was investigated, based on the Van Der Zwan-Siskens compaction equation ). However, the relative density and stress distributions were mainly a result of the radial powder flow, and the radial displacement gradient became more significant with increasing die wall friction coefficient.
Finally, the effects of the dwell time on the compaction behavior were analyzed. The results revealed that the overall average relative density increased and the stress decreased with the increasing dwell time, indicating that an appropriate dwell time would promote densification. Further analysis was performed to investigate the H/D ratio effect. The results showed that a high H/D ratio decreased the densification rate and that the average relative density decreased with the increasing H/D ratio. At last, the spring-back after the ejection was performed. The analysis showed that the higher the compaction pressure, the more obvious the spring-back of the compact will be.
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